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A prototypical cytidylyltransferase: CTP:glycerol-3-phosphate
cytidylyltransferase from Bacillus subtilis
Christian H Weber1,2†, Young Seo Park2‡, Subramaniam Sanker2,
Claudia Kent2 and Martha L Ludwig1,2*
Background: The formation of critical intermediates in the biosynthesis of lipids
and complex carbohydrates is carried out by cytidylyltransferases, which utilize
CTP to form activated CDP-alcohols or CMP-acid sugars plus inorganic
pyrophosphate. Several cytidylyltransferases are related and constitute a
conserved family of enzymes. The eukaryotic members of the family are complex
enzymes with multiple regulatory regions or repeated catalytic domains,
whereas the bacterial enzyme, CTP:glycerol-3-phosphate cytidylyltransferase
(GCT), contains only the catalytic domain. Thus, GCT provides an excellent
model for the study of catalysis by the eukaryotic cytidylyltransferases.
Results: The crystal structure of GCT from Bacillus subtilis has been
determined by multiwavelength anomalous diffraction using a mercury derivative
and refined to 2.0 Å resolution (Rfactor 0.196; Rfree 0.255). GCT is a homodimer;
each monomer comprises an α/β fold with a central 3-2-1-4-5 parallel β sheet.
Additional helices and loops extending from the α/β core form a bowl that binds
substrates. CTP, bound at each active site of the homodimer, interacts with the
conserved 14HXGH and 113RTXGISTT motifs. The dimer interface incorporates
part of a third motif, 63RYVDEVI, and includes hydrophobic residues adjoining
the HXGH sequence.
Conclusions: Structure superpositions relate GCT to the catalytic domains from
class I aminoacyl-tRNA synthetases, and thus expand the tRNA synthetase family
of folds to include the catalytic domains of the family of cytidylyltransferases.
GCT and aminoacyl-tRNA synthetases catalyze analogous reactions, bind
nucleotides in similar U-shaped conformations, and depend on histidines from
analogous HXGH motifs for activity. The structural and other similarities support
proposals that GCT, like the synthetases, catalyzes nucleotidyl transfer by
stabilizing a pentavalent transition state at the α-phosphate of CTP. 
Introduction
Cytidylyltransferases activate intermediates for biosynthe-
sis in a variety of biochemical reactions. In particular, cyti-
dine triphosphates are utilized specifically to form key
intermediates in the major pathways of lipid biosynthesis.
The best-characterized eukaryotic cytidylyltransferase is
CTP:choline-phosphate cytidylyltransferase (CCT), which
catalyzes the activation of phosphocholine (Equation 1) for
the synthesis of phosphatidylcholine.
CTP + choline-phosphate CDP-choline + pyrophosphate
(1)
In addition to its structural role in forming the membrane
bilayer, phosphatidylcholine is a component of serum
lipoproteins and is a substrate for enzymes of signal
transduction pathways [1]. CCT regulates the overall
biosynthesis of phosphatidylcholine, and the activity of
CCT is modulated in response to the needs of the cell
for phosphatidylcholine. Mammalian CCT is highly
phosphorylated and is activated by lipids [2]; levels of
activity correlate with phosphorylation and membrane
association [2–4]. Elucidation of the function and mecha-
nism of CCT is important for understanding not only
phosphatidylcholine biosynthesis per se but also the roles
of this enzyme in vesicular trafficking [5] and apoptosis
[6]. However, the heterogeneity of phosphorylation [7]
and the association with lipids and membranes make
intact CCT and other eukaryotic cytidylyltransferases
difficult subjects for structure analysis.
To understand the mechanisms and regulation of catalysis
in cytidylyltransferases such as CCT, we have begun
structure-function studies with the closely related bacter-
ial cytidylyltransferase CTP:glycerol-3-phosphate cytidy-
lyltransferase (GCT) from Bacillus subtilis. As shown in
Equation 2, GCT activates glycerol-3-phosphate; the
product CDP-glycerol is utilized in the biosynthesis of
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teichoic acid, a component of the cell wall of B. subtilis
and some other gram-positive bacteria. 
CTP + glycerol-3-phosphate CDP-glycerol + pyrophosphate
(2)
The amino acid sequence of GCT is very similar to that of
CCT and the eukaryotic CTP:ethanolamine phosphate
cytidylyltransferase (ECT), as shown in Figure 1. CCT,
ECT and GCT thus constitute a family of proteins [8] that
we call the GCT family. GCT is the smallest of these cytidy-
lyltransferases: the catalytic domain comprises the entire
sequence. ECT functions in phosphatidylethanolamine
biosynthesis, and actually contains two copies of the catalytic
domain per polypeptide chain, although the second copy is
less conserved than the first [9,10]. The sequence align-
ments in Figure 1 show that ~30% of the residues in GCT
from B. subtilis are identical to residues in the catalytic
domains of the larger members of the GCT family. This
level of sequence identity implies that GCT will provide a
good structural model for the catalytic domains from the
larger eukaryotic cytidylyltransferases CCT and ECT.  
Several regions of the aligned sequences of the GCT
family members are particularly striking [8]. The first is the
sequence 8GX(Y/F)DXXHXGH (in single-letter amino
acid code). The 14HXGH portion of this sequence is a con-
served motif in another nucleotidyltransferase family, the
class I aminoacyl-tRNA synthetases [11]. In this class of
enzymes the histidine residues of the HXGH sequence
have been shown to stabilize the transition state [12], and
appear to bind the α-phosphate of the ATP moiety of the
transition state [13]. Mutation of the corresponding His14
and His17 residues of GCT decreases kcat by factors of 104
and 103, respectively [8]. The second highly conserved
sequence in the GCT family is 113RTXGISTT. This motif
has not been identified in other enzyme families, and thus
is a signature that distinguishes the GCT family of cytidy-
lyltransferases. A third motif that is conserved throughout
the GCT family is 63RYVDEVI. 
In this paper we report the determination of the crystal
structure of GCT by multiwavelength anomalous diffrac-
tion (MAD), and describe the features of the molecular
model that has been obtained by refinement. The struc-
ture provides essential information about the roles of the
signature sequences and other conserved residues. In par-
ticular, the crystalline enzyme contains tightly bound CTP
at the active sites, and the 14HXGH and 113RTXGISTT
sequences are closely associated with the bound substrate.
Results and discussion
Structure determination
GCT was crystallized in two space groups: an R3 rhombo-
hedral form that diffracts to 2.7 Å and a P21 monoclinic
form that diffracts to 2.0 Å, but displays variable degrees
of merohedral twinning. In both crystal forms a dimer of
GCT constitutes the asymmetric unit. Experimental
phases were determined for the R3 form by MAD using a
mercuric iodide derivative with Hg bound at Cys106. The
monoclinic structure was subsequently solved by molecu-
lar replacement and was refined using X-PLOR (as
described in the Materials and methods section). The
current model (Rfactor = 0.196, Rfree = 0.255) includes 252
of the 258 residues in the dimer, two bound CTP mol-
ecules and 114 solvent molecules. 
Description of the monomer fold and the dimer interface
The structure of the monomer of GCT is illustrated in
Figures 2a,b. Five parallel β-sheet strands with topology
3-2-1-4-5 are flanked by helices to form a doubly wound
nucleotide-binding domain [14]. Three α helices, A, C and
D, pack against the sheet in accord with the right-hand
rule for α/β supersecondary structures. However, the cross-
connector between strands 4 and 5 (residues 94–104), at
the periphery of the monomer and exposed to solvent,
does not form a regular α helix, but instead consists of
short 310 helices interrupted by β turns. We will refer to
this part of the structure as ‘the 310 segment’. Helices B
and E extend above the β sheet and, along with the loops
carrying the conserved motifs 8GTFDLLHWGH and
113RTEGISTT, form a bowl that binds the substrate CTP
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Figure 1
Alignment of the sequence of GCT with the catalytic domains of two
other related cytidylyltransferases, choline-phosphate
cytidylyltransferase (CCT) from rat (residues 73–212), and the first
domain of human ethanolamine-phosphate cytidylyltransferase (ECT;
residues 19–156). The secondary structure elements observed in
GCT are indicated above the sequences: arrows denote β strands and
cylinders denote helices. Conserved sequence motifs are color-coded:
the 8GXXDXXHXGH sequence is in cyan, the 113RTEGISTT loop is in
magenta, and the 63RYVDEVI sequence is in green. Asp38 and Arg55
are shown in red. The color scheme for the conserved sequences is
preserved throughout the figures. 
(see below). The third conserved sequence, 63RYVDEVI
(Figure 1), is found at the ‘bottom’ of the monomer distant
from the CTP-binding site. 
Side and top views of the dimer are shown in
Figures 2c,d. The pair of chains related by the noncrystal-
lographic twofold axis is assumed to correspond to the
homodimer observed in solution by gel filtration [15]; no
other pairing around a simple dyad is possible in the
observed crystal forms. The area and properties of the
interface support this assignment. An accessible area of
1050 Å2 from each chain, or 14.8% of the total accessible
surface, is buried at the dimer interface and the fraction of
nonpolar residues is 65%, close to the average for dimer
interfaces [16]. One of the residues buried by dimer for-
mation is Arg63 from the 63RYVDEVI sequence; the
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Figure 2
The structure of GCT. (a) Stereoview ribbon
representation of the GCT monomer with
β strands and α helices labeled. CTP, bound
at the C terminus of the β sheet, is shown in
ball-and-stick representation. The 14HWGH
motif (cyan) is located at the start of helix A
and the 113RTEGISTT loop (magenta) follows
strand 5 of the sheet. Despite its distance
from the active site, the region 63RYVDEVI
(green) is also highly conserved.
(b) Stereoview Cα trace of the GCT monomer
rotated about 180° from the view in (a).
(c,d) Ribbon diagrams of the GCT dimer
showing the structural elements that
contribute to the dimer interface and the
locations of the three conserved motifs. The
two views are related by a 90° rotation about
a horizontal axis. In (c) the twofold
noncrystallographic symmetry axis is vertical;
in (d) the view is along the twofold axis.
hydrophobic segments of the arginine sidechains from
each monomer interact around the local twofold axis. In
mammalian CCT, an Arg→His mutation at the site corre-
sponding to Arg63 results in a temperature-sensitive
enzyme [17]. Other residues of the interface include
Trp15 of the 14HWGH motif, and the two hydrophobic
residues (Leu12 and Leu13) that precede 14HWGH. The
substrate-binding sites are separated by a wall formed by
helices C and E and by the twofold related 14HWGH
motifs. Residues that interact with CTP do not extend
across the dimer interface, suggesting that each chain pos-
sesses a self-contained active site. However, because
residues adjoining the 14HWGH sequence that binds
CTP are part of the interface, interactions between the
two active sites of the dimer are possible.
The 3-2-1-4-5 topology of the β sheet occurs in many
other α/β proteins, including the class I aminoacyl-tRNA
synthetases. Prior to the determination of the crystal struc-
ture, the structure of GCT was modeled by Bork and col-
leagues using a threading algorithm [18]. Their prediction,
based primarily upon the sequence homology between
GCT and the class I aminoacyl-tRNA synthetases, cor-
rectly placed the central five-stranded β sheet, four of the
five α helices, and the HXGH motif. More detailed com-
parisons between GCT and the aminoacyl-tRNA syn-
thetases are presented below. 
CTP binding
A cleft between the C termini of β strands 1 and 4, at the
cross-over of the parallel β sheet [19], serves as the base of
a bowl that binds the substrate CTP (Figure 2). In each
monomer the bound CTP adopts a horseshoe or U-shape
with the ribose protruding most deeply into the β sheet.
The cytidine base is anti to the ribose, which adopts the 
2′ endo conformation. The horseshoe conformation orients
the substrate for in-line nucleophilic attack at the α-phos-
phate. In contrast, the kinases and phosphoryl trans-
ferases, which catalyze transfer of the γ-phosphate, often
bind nucleoside triphosphates in more extended confor-
mations — adenylate kinase [20,21] and ATP synthase
[22] are prime examples. The U-shape is not a require-
ment for nucleotidyl transfer, however; in DNA poly-
merases [23] and in kanamycin transferase [24] the bound
nucleotides adopt other conformations that expose the 
α-phosphate to in-line attack.
Residues of the 14HWGH motif and the 113RTEGISTT
loop dominate the interactions that are responsible 
for binding CTP; these interactions are depicted in
Figures 3a,b and shown schematically in Figure 4. 15WGH
forms the initial turn of helix A, which is capped by His14.
The imidazole sidechain of this histidine hydrogen bonds
to NH16 and to the β-phosphate oxygen of CTP; His17 and
the backbone NH of Phe10 interact with the α-phosphate
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Figure 3
Detailed views of the residues implicated in
substrate-binding and catalysis.
(a) Stereoview of the interactions between
the 14HWGH motif and CTP. His14 and
His17 hydrogen bond (dashed lines) to the
β- and α-phosphate oxygens, respectively.
(b) Stereoview of the interactions between
the 113RTEGISTT motif and CTP, showing the
U-shape of the bound CTP. Nucleotide
specificity is conferred through backbone
interactions of Thr114 and Ile117 (see text). 
oxygens. An unusual backbone conformation, where the
amides of residues Thr9, Phe10 and Asp11 all point towards
an α-phosphate oxygen, can be seen in Figure 3a. The con-
served Gly8 residue allows close approach of the mainchain
to the ribose of CTP.
113RTEGISTT is a characteristic fingerprint sequence
for the GCT family of cytidylyltransferases. In the
GCT–CTP complex Glu115 and Gly116 are the central
residues of a type II turn; Thr119 and Thr120 are the
initial residues of helix E. The negative charges of the
CTP triphosphate are partly stabilized by the dipole of
helix E and by the positively charged Arg113. Arg113
stacks against the nucleotide ring and interacts with a
β-phosphate oxygen (Figure 3b). Oxygen atoms of the
β- and γ-phosphates of CTP hydrogen bond to the back-
bone amides of Thr119 and Thr120 from helix E. Helix E
is not part of the central α/β sandwich (Figure 2a) and the
interaction of the nucleotide phosphates with helix E is a
special feature of GCT and glutaminyl-tRNA synthetase,
which distinguishes these enzymes from the kinases. Fur-
thermore, the binding site for the α- and β-phosphates of
CTP, near the start of helix A, is not spatially equivalent to
the sites formed by the P loops of kinases [25–27] or by the
GXXGXG fingerprints found in the nucleotide-binding
folds of enzymes such as lactate dehydrogenase [28–30].
Nucleotide specificity is conferred chiefly through back-
bone interactions formed between the turn residues
Thr114 and Ile117 and the pyrimidine base. Carbonyl
oxygens of both these residues form hydrogen bonds with
the exocyclic 4-NH2 group, and the backbone NH of
Thr114 donates a hydrogen bond to the N3 nitrogen. This
pattern of hydrogen bonding presumably is sufficient to
distinguish CTP from UTP, in which the 4-NH2 group is
replaced by an oxygen atom and N3 is protonated. The
nucleotide-binding site is too small to permit binding of
the purine triphosphates in the CTP pocket. In contrast
to the nucleotide base, the ribose moiety has compara-
tively few contacts with the protein. The amide nitrogen
of Gly92 and a solvent molecule interact with the 
3′-oxygen. The 2′-oxygen does not form hydrogen bonds
in the crystal structure, which is consistent with the
finding that the activity of the enzyme with dCTP is 95%
of that with CTP [15]. In fact, dCTP is also a good sub-
strate for mammalian CCT [31]. 
Mg2+ is essential for cytidylyltransferase activity and pre-
sumably interacts with the phosphates of bound sub-
strates. The crystals we have analyzed, however, were
grown from protein purified in the presence of EDTA,
and we cannot identify the sites that bind Mg2+.
Bound CTP was observed in the crystal structure, even
though the enzyme had been dialyzed in the absence
of CTP before crystallization, suggesting a much higher
affinity of the enzyme for CTP than would be indicated
by the very large Km for CTP (1.4 mM). Preliminary sub-
strate-binding studies show that the KD for CTP binding
to the enzyme to form the binary enzyme–CTP complex
is indeed much smaller than the Km [32].
The active-site bowl 
The CTP molecule is bound in a large cavity, or bowl, that
is best visualized in Figure 5. One side of the substrate
bowl is formed from the conserved 8GTFDLLHWGH and
113RTEGISTT sequences; the other side includes residues
from helix B, the loop following strand 3, and the 310
segment. An empty pocket next to the CTP is the likely
binding site for glycerol-3-phosphate, which can be docked
in this region. Model building suggests that in-line nucle-
ophilic attack on the α-phosphate might require some con-
formational changes. Lys44, Lys46 and the conserved
Trp74 are clustered at one side of the bowl where they may
interact with the glycerol-3-phosphate (Figure 5). The bowl
is open to solvent at its top, but the surface representation
suggests that Arg113 and other residues may have to move
in order to admit CTP to its binding site. The 113RTE-
GISTT loop and helix E, the 310 segment, helix B, and the
loop that carries Trp74 all contribute to the rim of the sub-
strate-binding bowl. These regions appear to be somewhat
mobile as evidenced by higher than average B factors, but
the ways in which they might change conformation in
response to binding of substrates remain to be explored. 
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Figure 4
Schematic drawing of the CTP ligand and its hydrogen-bonding
interactions with residues of GCT. Bond distances are given in Å.
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Mapping conserved residues onto the structure
Residues that are conserved in the GCT cytidylyltrans-
ferase family are identified in Figure 1. A number of
these residues have been mutated, primarily to alanine,
and the activities of the mutant enzymes measured by
steady-state kinetic methods [8]. In Figure 6 the key con-
served residues and the sites of most of the mutations
that affect activity [8] are mapped onto the structure.
Many of these sites are in the three fingerprint sequences
that have already been discussed, and others, including
Asp94 and Trp74, are part of the substrate-binding bowl.
The conserved residues Asp11, Asp38 and Arg55
(Figure 6) do not contact CTP or contribute to the surface
of the substrate-binding bowl, but mutations of these
residues to alanine nevertheless decrease kcat/Km. Arg55 is
the central residue of a ‘hydrophilic core’ that includes
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Figure 5
Stereoview of the substrate-binding bowl
looking from the ‘top’ of the molecule (see
Figure 2d), with dot surfaces at radii of 1.4 Å
surrounding all atoms. The 113RTEGISTT
sequence (magenta) can be seen at the top;
the 8GFTDLLHWGH sequence (cyan) that
connects strand 1 to the start of helix A is
deeply buried at the upper left. One side of
the substrate bowl is formed from these
conserved sequences, while the other side
(lower right) is formed from the 310 segment,
helix B and the loop carrying Trp74. The
C termini of β-sheet strands 1 and 4 form the
base of the bowl. 
Figure 6
Conserved residues mapped onto the
structure. The images are related by a 90°
rotation about the vertical axis. Many of the
conserved residues found to be important for
activity by site-directed mutagenesis are part
of the substrate-binding bowl (His14, His17,
Trp74, Asp94 and residues of the
113RTEGISTT loop). Residues from the
63RYVDEVI region are distant from the
substrate-binding bowl, with Arg63 at the
dimer interface. 
Asp11 and Asp38 and links helix B, helix C, and the
HWGH motif at the start of helix A.
Comparisons of GCT with other nucleotidyl transferases
The structure of a nucleotidyltransferase that is closely
related to GCT, phosphopantetheine adenylyltransferase
(PPAT) from Escherichia coli, was reported [33] after the
submission of this paper. Like GCT, PPAT resembles the
aminoacyl-tRNA synthetases and utilizes an HXGH motif,
TNGH, to bind the reaction product, dephosphoCoA.
Sequence alignments of GCT with PPAT reveal differ-
ences in the length and composition of the loop that pre-
cedes helix E in GCT (helix α6 in PPAT); this loop is
formed by part of the RTEGISTT signature sequence in
GCT. The assignment of both bacterial nucleotidyltrans-
ferases to the aminoacyl-tRNA synthetase family of
enzymes is corroborated by the similarities of their folds
and modes of ligand binding.
Structures have been determined for two other proteins
that catalyze specialized nucleotidyl transfer reactions. The
structure of CMP:2-keto-3-deoxy-manno-octonic acid syn-
thetase (CMP-Kdo synthetase), which like GCT is specific
for CTP, has been solved by Schulz and colleagues [34].
The topology of the parallel β sheet in this enzyme (3-2-1-
4-6-5) is related, but not identical, to that of GCT; there
are no obvious sequence motifs that are shared with GCT.
The reported structure is the apo form of CMP-Kdo syn-
thetase; comparisons of the CTP-binding sites will be nec-
essary to assess fully the relationship between these two
enzymes. Kanamycin nucleotidyltransferase catalyzes a
similar reaction to GCT, but binds its substrate, ATP, in a
conformation unlike that found for CTP in GCT. The
enzyme adopts a fold that includes a helix bundle and a
mixed β sheet [24] and is thus very different from GCT. 
Assignment of GCT to the class I aminoacyl-tRNA
synthetase family of folds
Searches of the database of three-dimensional structures for
folds related to GCT, using DALI [35], detect members of
the DNA polymerase and aminoacyl-tRNA synthetase
families that resemble GCT. Similarities to class I amino-
acyl-tRNA synthetases were anticipated and are examined
in detail below. Among the known DNA polymerases, Taq
polymerase displays similarity to GCT, but the matching
α/β domain of Τaq is part of the 5′→3′exonuclease site
rather than the polymerase site [36]. Several other folds
that do not possess nucleotidyltransferase activity also
resemble GCT (see Materials and methods section). These
include ribonuclease H [37] along with electron-transfer
flavoprotein (ETF) [38] and other nucleotide-binding pro-
teins such as photolyase [39], alcohol dehydrogenase [40],
GMP synthase [41], and biotin carboxylase [42]. 
The tree of domain folds constructed by DALI groups
together a closely related subset of these structures that
includes ETF, the aminoacyl-tRNA synthetases, and
photolyase. Comparisons of the modes of nucleotide
binding in this group lead us to assign GCT to the family
of aminoacyl-tRNA synthetases, as proposed by Bork et al.
[18]. Although the Z-score for matching GCT to the
A-domain of ETF is somewhat larger than for glutaminyl-
tRNA synthetase, the FAD prosthetic group of ETF is
bound not by the A-domain but rather by the B-domain,
where the FAD phosphates interact in a fashion character-
istic of α/β flavoprotein sites [28–30]. The interactions of
nucleotide phosphates in GCT differ from those found in
ETF but, as shown in Figure 7, clearly resemble those in
the class I aminoacyl-tRNA synthetases. 
Functional and structural comparisons of GCT with class I
aminoacyl-tRNA synthetases
GCT and the aminoacyl-tRNA synthetases catalyze analo-
gous reactions at the α-phosphates of nucleoside triphos-
phates. The first step in the synthetase reaction is the
nucleophilic attack of an amino acid carboxylate oxygen
on the α-phosphate of ATP to form aminoacyl-AMP and
pyrophosphate. The occurrence of the HXGH sequence
in cytidylyltransferases, and the dramatic loss of activity
associated with mutation of these histidines, led to the
proposal that GCT, like the aminoacyl-tRNA synthetases,
catalyzes nucleotidyl transfer by stabilizing the pentava-
lent transition state [8].
Now it is possible to compare the GCT and class I
aminoacyl-tRNA synthetase structures and the way in
which they bind substrates. The nucleoside triphosphate
binding domains of tyrosyl- [43], glutaminyl- [44], and glu-
tamyl-tRNA synthetases [45] match most of the fold of
GCT, with which they share a common topology. Despite
the low level of sequence identity (13%), 120 Cα atoms of
the ATP-binding region of glutaminyl-tRNA synthetase
superimpose on GCT with a root mean square deviation
(rmsd) of 2.8 Å. Helices A, C, D and E of GCT correspond
to comparable helices in glutaminyl-tRNA synthetase, and
the 310 segment of GCT occupies the same position as a
more regular α helix in the synthetase. 
The structural analogies extend beyond the folding and
topology to local features implicated in binding and cataly-
sis, notably the HXGH motif, which has been shown by
mutation to be essential for catalysis in both the tRNA syn-
thetases [12,46,47] and GCT [8]. The structural relation-
ships are best seen by detailed comparison of the
GCT–CTP complex with the glutaminyl-tRNA syn-
thetase–ATP complex (Figure 7a). Significantly, the horse-
shoe-shaped conformation of the bound nucleotides and
several of the interactions that bind the substrate phosphates
to the proteins are common to both structures. There are
also a few differences; for example, His40, the equivalent to
His14 of GCT, is farther from the β-phosphate in gluta-
minyl-tRNA synthetase and interacts via a water bridge.
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Both GCT and aminoacyl-tRNA synthetases utilize a
second fingerprint sequence in substrate binding and
catalysis: RTXGISTT in the GCT family and the KMSKS
signature sequence in aminoacyl-tRNA synthetases
(KFGKT in tyrosyl-tRNA synthetase and VMSKR in glut-
aminyl-tRNA synthetase). These regions are less similar
to one another than the HXGH motifs (Figure 7b).
Without the structures it was difficult to align the RTE-
GISTT motif of GCT with the KMSKS motif of the
synthetases, and the 113RTEGISTT region was only ten-
tatively positioned in the structure predicted by Bork et al.
[18]. Superpositions of the structures of GCT and gluta-
minyl-tRNA synthetase now show that 117IST and 231MSK
are the structurally equivalent residues. These sequences
are located at the start of a helix (the C-terminal helix E
in GCT) that binds the β- and γ-phosphates of the
nucleotide substrates. Comparisons of the known syn-
thetase structures suggest that interactions with substrates
induce conformational changes in the KMSKS region
(Figure 7c). In substrate-free tyrosyl-tRNA synthetase,
the 230KFGKT sequence does not form a helix whereas
this region is helical in glutaminyl-tRNA synthetase com-
plexed with ATP and tRNA. Perona et al. [13] propose
that interaction with tRNA rather than ATP is critical for
formation of the helix started by the SKS sequence.
Fersht and coworkers conclude from their analyses of
mutants that movements of the 230KFGKT region must
occur during the formation of tyrosyl adenylate [46,48,49]
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Figure 7
Comparisons of GCT with the class I
aminoacyl-tRNA synthetases. (a) Stereoview
superposition of the HXGH regions and
nucleoside triphosphates (CTP and ATP,
respectively) of GCT and glutaminyl-tRNA
synthetase. GCT is drawn in cyan and CTP in
blue. To show the similarities in the
conformations and interactions of the
nucleotides, the superposition was based on
the ribose atoms and the Cα atoms of the
HXGH sequence. Black labels refer to
residues from the synthetases. (b) Stereoview
comparing the bound CTP and 113RTEGISTT
region of GCT (blue, grey and magenta) with
the 267VMSKR region of glutaminyl-tRNA
synthetase in complex with ATP (coordinates
1gtr). Three residues are inserted in the
synthetase between the positions equivalent
to Arg113 and Ile117 of GCT. As a result, this
part of the chain in the synthetase loops out
relative to GCT. Residues from the synthetase
are drawn in thin ball-and-stick format.
(c) Stereoview contrasting the bound CTP
and 113RTEGISTT region of GCT (grey and
magenta) with the 230KFGKT region of
substrate-free tyrosyl-tRNA synthetase
(coordinates 2ts1). The region of the
synthetase corresponding to helix E of GCT is
not helical, and the chain preceding the
signature sequence KFGKT does not
resemble the corresponding loop from the
glutaminyl-tRNA synthetase (b).
and that the residues Lys230, Lys233 and Thr234 from this
sequence act together to stabilize the transition state [50].
The structure of GCT strongly supports the notion that
GCT, like the class I aminoacyl-tRNA synthetases, relies
on positioning of substrates and transition-state stabiliza-
tion for catalysis. Similarities in substrate binding and the
importance of the HXGH motif for activity are consistent
with similar roles for this motif in GCT and the aminoacyl-
tRNA synthetases. A key question concerns the role of the
fingerprint region RTEGISTT in binding and catalysis by
GCT. This part of the GCT structure is shorter than the
related regions in tyrosyl- or glutaminyl-tRNA synthetase
but may, nevertheless, move to stabilize the transition
state. Alternatively, this region may adopt different confor-
mations in the presence of ligands other than CTP. Muta-
tions of Ser118 and Thr119 in the 116GISTT region of
GCT [8] have much smaller effects than mutations at the
corresponding 230KFGKT residues in tyrosyl-tRNA syn-
thetase, and it remains to be seen if Lys44 or Lys46 can be
recruited to stabilize the transition state in GCT.
The dimer interface in GCT is a feature not shared with
the aminoacyl-tRNA synthetases, and the structure of this
interface raises the possibility of functional interactions
between active centers of the dimer. The interface is exten-
sive, with entrapped water molecules and residue interac-
tions that include stacking, apolar contacts, and hydrogen
bonding. It will be intriguing to see whether these interac-
tions maintain a rigid interface or are altered when different
ligands bind. Structure analyses of the substrate-free
enzyme and of complexes of GCT with glycerol-3-phos-
phate, CDP-glycerol, or analogs will be useful in assessing
the nature and importance of both intrachain and interchain
conformational changes in the reaction cycle of GCT. 
Biological implications
Cytidylyltransferases are critical enzymes involved in
the biosynthetic pathways of lipids and complex carbo-
hydrates. These enzymes catalyze a major step of
energy input into biosynthesis by forming the activated
intermediates, CDP-alcohols and CMP-sugars. Several
cytidylyltransferases belong to a single family of struc-
tures, as defined by sequence similarities and signature
sequences that occur in their catalytic domains. Among
these enzymes is CTP:phosphocholine cytidylyltrans-
ferase, which regulates the synthesis of the major
eukaryotic phospholipid, phosphatidylcholine. A repre-
sentative member of this enzyme family is CTP:glycerol-
3-phosphate cytidylyltransferase (GCT) from Bacillus
subtilis. Because GCT consists of only the catalytic
domain, it is an excellent choice for initial structure-
function studies of the family. 
We have solved the crystal structure of dimeric GCT
to 2.0 Å resolution. Each monomer of the homodimer
consists of a core α/β fold; helices and loops extending
from the central β sheet form an active-site bowl in
which the substrate CTP is bound. The structure
reveals that highly conserved critical residues, includ-
ing residues from the signature sequences HXGH and
RTEGISTT, are involved in binding CTP to the active
site. Conserved residues and signature sequences are
also involved in monomer–monomer interactions,
implicating the dimer interface as an important feature
of the GCT family.
Significant similarities exist between the structure of
GCT and the class I aminoacyl-tRNA synthetases, and
lead us to assign the GCT fold to the superfamily of cat-
alytic domains from class I synthetases. The
protein–NTP interactions, particularly those involving
the HXGH motif, are analogous in the synthetases and
GCT. These similarities imply substantial mechanistic
similarity. The aminoacyl-tRNA synthetases catalyze
the formation of an aminoacyl-adenylate intermediate
through stabilization of a pentacoordinate transition
state. By confirming the similarity between the
nucleotide-binding sites of these two classes of enzymes,
the structure supports the proposal that the catalytic
mechanisms are also analogous.
The structure of GCT is the first structure of any
member of this cytidylyltransferase family and prompts
further studies of the reaction mechanism. It will be
important to determine whether interactions across the
dimer interface have a role in the reaction catalyzed by
GCT. Furthermore, this structure represents a starting
point for studies on the regulation of activity in the more
complex eukaryotic cytidylyltransferases. 
Materials and methods
Crystallization 
Recombinant GCT protein was purified from the overexpressing
HMS174(DE3)pLysS strain of E. coli cells by blue-sepharose chro-
matography [15]. Crystals of GCT were grown by the hanging-drop
method at 4°C. Monoclinic crystals grew within one to two weeks after
mixing protein solution (10 mg/ml in 10 mM Tris pH 8.5, 1 mM EDTA,
1 mM dithiothreitol [DTT]) with a precipitant solution containing 30%
polyethylene glycol (PEG) 3350 (Baker), 200 mM lithium sulfate,
100 mM Tris, pH 8.5. Crystal size was optimal with initial 5:3 ratios of
protein to precipitant solution. Lithium sulfate was essential for crystal-
lization and could not be replaced by the sodium or potassium salts.
Rhombohedral crystals grew after two to three weeks of equilibration
using 20% PEG 8000 (EM Sciences), 300 mM lithium sulfate, 50 mM
Tris, pH 7.9 as the precipitant and well solution. 1 mM DTT was
included in the well solutions in both crystallization protocols. 
X-ray measurements 
Native data sets were initially collected from monoclinic crystals at 4°C
and from rhombohedral crystals at 120K, using a San Diego multiwire
area detector system. For data collection at low temperatures, rhombo-
hedral crystals were stabilized in well solution that included 20% (v/v)
PEG 200 (Fluka). Derivative crystals were prepared by soaking native
crystals overnight in 10 mM mercuric iodide dissolved in well solution.
Intensities were integrated and corrected using the SDMS software [51].
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MAD measurements on the mercuric iodide derivative of the R3 crystal
form were carried out at beamline F2 at CHESS. The crystal was
cooled to 100K in the cryoprotectant solution described above. Diffrac-
tion data were collected at the inflection point (12.292 keV), the peak
(12.317 keV) and a remote wavelength (12.700 keV). The MAD data
sets were processed using DENZO and SCALEPACK [52]. 
Structure determination
Initial phases for the rhombohedral GCT structure were determined
using the multiwavelength measurements from the mercury-substi-
tuted crystals. Difference Patterson maps, calculated with data from
native GCT and the mercuric iodide derivative, had revealed a single
dominant mercury-binding site in the asymmetric unit of the R3 crystal
form, and the parameters for this site were refined in HEAVYREF
[53]. MAD phasing was then carried out with MLPHARE [54], using
multiwire detector data from an HgI2 derivative crystal along with the
data sets collected at CHESS. For phasing, the inflection point wave-
length was used as the native data set and the three other wave-
lengths were treated as separate derivatives. Maps calculated to
3.5 Å resolution with an estimated < m > of 0.57 revealed most of the
α/β core of the structure. Subsequent phase modification, including
solvent flattening and histogram matching, was accomplished using
DM [54] and with extension of phasing to 3.0 Å led to maps that per-
mitted identification of the noncrystallographic symmetry (NCS)
related monomers. NCS-averaging was performed with DM [54]. 
Twinning correction 
The analysis of twinning in the monoclinic crystal form will be described
in detail elsewhere (CHW and MLL, unpublished results). Twinning in
these crystals arises from a 180° rotation about the a axis and is mero-
hedral (i.e. superimposes the twin-related reflections). The data used
for refinement of the monoclinic form (Table 1) were detwinned after
determining the twin fraction for the native crystal to be 0.13 according
to the method of Britton [55].
Refinement
The structure of the rhombohedral form of GCT was refined using the
program X-PLOR [56]. Because of the low data/parameter ratios at the
available resolution of 2.8 Å, strict NCS constraints were imposed and
B-factor shifts were determined for mainchain and sidechain groups.
After several rounds of refinement, including simulated annealing, the
rhombohedral GCT model included 252 of 258 residues and two CTP
molecules, with an Rcryst of 0.323 and Rfree of 0.383 (5% of the reflec-
tions) for all data from 8.0 Å to 2.8 Å. 
The molecular model of GCT described in detail in this paper has been
derived by subsequent refinement with data from the monoclinic P21
crystal form (Table 1). The initial model was obtained by molecular
replacement from the structure of the rhombohedral form using X-PLOR
[56]. Rotation searches produced a peak at 6σ above background, and
the subsequent translation function produced a peak at 23σ. The
R factor for this solution was 0.467 for all data from 6.0 Å to 3.0 Å.
Refinement started with the oriented search model that included
residues 1–126 of both monomers. The monoclinic data, from one native
crystal, had been detwinned (see above). Four rounds of computations
that included positional refinement, simulated annealing, and adjustment
of thermal factors were alternated with rebuilding based on omit maps. In
the omit calculations, which used simulated annealing, the entire model
was examined in stepwise fashion, omitting approximately 10% of the
residues in each individual calculation. After these and further refine-
ments in X-PLOR [56], the final model of GCT based on data from the
monoclinic form includes 252 of the 258 residues in the dimer, two CTP
molecules, and 114 solvent molecules. Rcryst and Rfree are 0.196 and
0.255, respectively, for all observed data from 8.0 Å to 2.0 Å (Table 2).
Calculation of the local symmetry, using the program O [57], shows that
the two polypeptide chains in the asymmetric unit are superimposed by
a rotation of 179.5° and a translation of 0.09 Å. To re-examine the effects
of twinning [58], additional refinement has been performed with
SHELXL-97 [59] using the native data without twinning corrections. The
twinning fraction (α) can be refined using SHELXL in such a way that
only one additional parameter is introduced, and was determined to be
0.209, somewhat higher than derived from the Britton plots.
During adjustment of the model, solvent molecules were included if a
3σ peak was present in (|Fo|–|Fc|) difference maps, and retained if the
B factor at full occupancy remained below 55 Å2. The three C-terminal
residues have been omitted from the model. Sidechains of several
surface residues cannot be modeled completely, and the electron
density suggests multiple conformations at Ser36, Ile62 and Ile81.
PROCHECK [60] was used to assess the quality of the final model.
The model shows good stereochemistry for a 2.0 Å structure; 90.1% of
the residues fall in the most favored regions of the Ramachandran map
and no residues are found in disallowed regions.
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Table 1
Data collection statistics.
Data set Resolution Wavelength Total Unique Completeness* Rsym* (%)
(Å) (Å) reflections reflections (%) 
Native (P21) 2.0 1.5418 45,342 16,917 88.6 (83.8) 6.1 (12.5)
Native (R3) 3.2 1.5418 11,096 5,189 98.1 (96.7) 6.0 (12.3)
Hg-1 (R3) 2.9 1.0088 106,456 12,695† 97.4 (99.5) 7.3 (11.1)
Hg-2 (R3) 2.9 1.0067 107,278 12,745† 97.2 (99.5) 7.1 (10.9)
Hg-3 (R3) 2.9 0.97638 103,511 12,551† 96.8 (99.7) 7.2 (11.6)
Hg (R3) 3.15 1.5418 9,115 4,359 79.0 (68.9) 6.9 (12.3)
*Values in parentheses are for the highest resolution shell. †Bijvoet pairs separated.
Table 2
Data refinement statistics.
Resolution (Å) 8.0–2.0
Rwork 0.196*
Rfree 0.255
No. residues (total) 252 (258)
No. nonhydrogen atoms 2294 (per dimer)
No. water molecules 111
Refined <B> (Å2) 25.2
Wilson <B> (Å2) 27.2
Rmsd bonds (Å) 0.010
Rmsd angles (°) 1.472
Rmsd impropers (°) 1.358
Ramachandran plot
most favored (%) 91.8
additional (%) 8.2
disallowed (%) 0.0
*No σ cut-off.
Database searches and classification of the GCT fold 
To identify structures related to GCT, comparisons of GCT with a data-
base of 1396 proteins of known three-dimensional structure were
carried out using DALI [35]. Fourteen α/β proteins with Z-scores
greater than 4.5 were detected. The α/β domain of the A-domain of
ETF [38], with a Z-score of 8.3, possesses the highest degree of struc-
tural similarity to GCT. Three class I aminoacyl-tRNA synthetases
(tyrosyl- [43], glutaminyl- [44] and glutamyl-tRNA synthetases [45])
aligned with Z-scores greater than 7.0. T4 RNase H [37] and the N-ter-
minal exonuclease domain of Taq DNA polymerase [36] also resemble
GCT. Other related folds are found in photolyase [39], biotin carboxy-
lase [42], GMP synthetase [41], folylpolyglutamate synthase [61],
enoyl-acyl carrier protein [60], alcohol dehydrogenase [40], and
methionyl-tRNA f-Met formyltransferase [62]. The hierarchy of folds
obtained from the DALI web site (www.embl-ebi.ac.uk/dali) was also
used to assess relationships among the folds that resemble GCT.
Generation of figures 
Figures 2, 3, 6 and 7 were generated using the program MOLSCRIPT
[63] and the rendering program VORT (University of Melbourne).
Figure 5 was drawn using RIBBONS [64] and Figure 4 was made
with LIGPLOT [60].
Accession numbers
The coordinates of GCT have been deposited in the Protein Data Bank
and assigned accession number 1coz.
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